ABSTRACT In this paper, a low grating lobe array antenna with electrically large property is proposed based on TM 50 mode square patch antenna elements. By introducing transverse slots on the square radiating patch, four side lobes of the TM 50 mode element antenna can be reduced effectively. However, undesired grating lobes are created in the array pattern. That's because the antenna element distance is more than one wavelength on high modes. In order to solve this issue, a new method is proposed by making the grating lobes of the array factor pattern coincide with the null/(zero) ranges of element pattern. It can effectively suppress grating lobes caused by large element spacing. The method introduced here was supported by analytical 1×2 and 1 × 4 uniform liner arrays. Meanwhile, in order to further reduce transmission line loss and side lobes, substrate integration coaxial line structure and unequal amplitude feeding method are introduced. Finally, a 1 × 8 liner array is fabricated and measured for verification. When the element spacing is 1.4λ 0 , the grating lobes level at 22.3GHz is only −22dB.
I. INTRODUCTION
Nowadays with the rapid development of wireless communication technology, millimeter wave (MMW) and terahertz (THz) wave antennas are widely used in broadband and high-speed data transmission systems. However, the fabrication accuracy of MMW and THz wave antennas will soon reach micron level as the operating frequency increases, which accounts for higher processing accuracy. Additionally, as antenna sizes get smaller, miniaturized antenna technology will become less applicable to some circuits and equipment. Therefore, improving technical means with higher accuracy and better performance is an issue of crucial importance for designing high frequency band components. Although low temperature co-fired ceramics (LTCC) or other high-precision technologies can be utilized to design highfrequency antennas, it also becomes a thorny issue in designing such tiny components because of increased cost,
The associate editor coordinating the review of this manuscript and approving it for publication was Haiwen Liu. alignment and packaging difficulties. Thus electrically large devices with simple manufacture and low sensitivity to fabrication tolerance have become hotspots to design components and antennas in high-frequency band.
Recently considerable efforts have also been invested in designing components and antennas with electrically large property (ELP). The first case is a metallic cavity antenna. In [1] , by introducing a metallic ring at the top of the cavity, the total size of the antenna is 1.35λ 0 ×1.35λ 0 ×0.83λ 0 , which is larger than the resonant half-wavelength. Although this cavity antenna realized ELP, high profile limits its application in some aspects. In emerging wireless applications, planar antennas with low profile have significant advantages. Thus the second case is a microstrip antenna. In [2] , a patch antenna with ELP is realized by equally dividing the square radiating patch into n × n (n = 1, 2, 3, 4, 5, 6 . . .) elements gradually with the same overall size but higher resonant frequencies. The resonant frequency of one 4 × 4 type is about three times higher than the original one. At the same time, a resonant cavity model with ELP is designed in [3] . By loading with the I-shaped resonant metamaterial, the resonant frequency is increased by 4.6 times.
In general, TM 10 mode is usually used as the radiation mode of patch antennas. Actually, for TM 30 , TM 50 and other odd high-order modes, they not only have high gain, but also have similar normal radiation with TM 10 mode [4] , [5] . However, the unavoidable side lobes usually appear in highorder modes, which will greatly affect antenna performances. As was demonstrated in [6] , the side lobes can be reduced by introducing a slot and pins to destroy the field distribution of TM 30 mode. What's more, patch size can be significantly increased and the S 11 is dramatically broadened due to the additional resonant frequencies. In [7] , another useful method has been proposed to reduce the side lobes of TM 30 mode by loading stubs near the radiated edges of patch. Similarly, the patch size is enlarged compared with the original antenna. According to the above cases, odd high-order antennas possess the same radiation patterns as the fundamental mode when the side lobes were suppressed. The higher mode antenna provides a good idea to design ELP antennas.
Practically a single ELP antenna is difficult to meet the application requirement of high gain. Therefore, array antenna with ELP is an effective way to solve this problem. However, unlike the traditional half-wavelength antenna arrays, the ELP antenna array will face many problems.
On the one hand, it is necessary to design efficient transmission line to reduce conductor loss and dielectric loss in high frequency band. One structure is gap waveguide (GWG) [8] - [10] , which is widely used because of its near zero dielectric loss. Another structure is substrate integrated coaxial line (SICL) [11] - [14] , which not only has good shielding and non-dispersive characteristics, but also shares a broadband characteristic due to its property of transverse electric and magnetic (TEM) mode. Thus it can effectively reduce loss of transmission lines. Furthermore, the structure of substrate integrated waveguide (SIW) is introduced in [15] and [16] .
On the other hand, according to equidistant array antennas, element spacing of conventional antennas is usually less than one wavelength. When periodic intervals of element spacing exceed one wavelength, grating lobes will be created and it will limit antenna array applications. Facing this confine, random distribution based on genetic algorithms is the most commonly approach at present. One popular strategy is using subarrays as elements in an array. As described in [17] and [18] , the grating lobes can be suppressed to different degrees as compared with equidistant arrays by using some modes such as periodic subarrays, phased subarrays and unequally spaced subarrays etc. However, it will result in increased side lobes envelop and the effect of suppressing grating lobes is unsatisfactory. Analogously, some manners of randomly tiled elements or subarrays are introduced in [19] - [23] , which also can reduce grating lobes to a certain extent. However, they are all based on a large number of elements and some special arrangement of elements or subarrays. Since the particular size of the ELP antenna is more than one wavelength, these methods are still difficult to be applied. Meanwhile, complex optimization algorithm and feeding structure are also problems shouldn't be ignored. Since the size is more than one wavelength for ELP antenna element, it is necessary to find an appropriate approach to suppress large side lobes and grating lobes caused by large element spacing in array design.
In this paper, a square patch antenna with ELP based on TM 50 mode and its equidistant liner array with low grating lobes are designed. Section II introduces an approach to reduce side lobes of TM 50 mode. By adding transverse slots on the surface of patch, the two equivalent reversed-phase electric fields of TM 10 mode are counteracted. Thus element patterns are mainly formed by superposition of three in-phase electric fields of TM 10 mode, perfectly reducing the four side lobes of TM 50 mode. What's more, an elemental Eplane pattern with two null/(zero) regions can be obtained by adjusting the position of slots on one side. Then grating lobes suppression method is proposed by using the null/(zero) regions of the ELP element under equidistant arrangement in section III. By adjusting spacing and quantity of the element, the angle and beam width of grating lobes can be controlled. Consequently, grating lobes match with the null/(zero) regions of the element accurately and the grating lobes can be well suppressed. One 1 × 8 liner array is fabricated for verification and Section IV gives the simulated and measured results. Finally, conclusion is made in Section V.
II. ELECTRICALLY LARGE ANTENNA ELEMENT
An antenna element with ELP is designed based on TM 50 mode in this section. The strategy of reducing side lobes of TM 50 mode element antenna is described in details.
A. OPTIMIZING ELEMENT PATTERN
As is well known, patch size of traditional microstrip antenna resonating at fundamental mode (TM 10 mode) is generally less than half-wavelength of the working frequency. The current and electric field distributions of TM 10 mode and TM 50 mode are shown in Fig. 1 . It can be found that when the patch antenna works at TM 50 mode, the same electric field can be maintained as TM 10 modes at the two radiating edges. On the basis of electric field vector superposition, TM 50 mode possesses the same horizontal component as TM 10 mode in far field. Namely, TM 50 mode has analogous normal radiations as TM 10 mode, which is an attractive property to design antennas with ELP. Nevertheless, the large side lobes of TM 50 mode in the E-plane cannot be ignored, which will dramatically affect the practical application of antenna.
As compared in Fig. 1 (a) and Fig. 1 (b), the significant difference is that TM 50 mode has five longitudinal currents the same as TM 10 mode. Thus TM 50 mode can be modeled as one 1 × 5 liner array under TM 10 mode, which is shown in Fig. 2 Fig. 2(c) , the electric field of the equivalent model has similar distribution as TM 50 mode in Fig. 1(d) , proving the above hypotheses adequately. Thus the vertical electric field of TM 50 mode patch can be regarded as vector sum of two reversed-phase TM 10 modes as depicted in Fig. 2 (e). Namely, we can decompose the electric field of TM 50 mode into three in-phase electric fields and two reversed-phase electric fields of TM 10 mode. The black curve in Fig. 2(f) illustrates the E-plane of the equivalent model, which is similar to the radiation pattern of TM 50 mode. However, when changed the current-phase of the second and fourth elements from reversed-phase to in-phase shown in Fig. 2(b) , the large side lobes of the equivalent model in the E-plane are disappeared. It is shown in the red curve of As exhibited in Fig. 3(a) , after introducing transverse slots on the square patch, the longitudinal edges of two slots possess the same electric field distributions as the radiating edges of the square patch, which can be equivalent to new radiant sources. And with the length of slots increasing, the introduced radiation field is stronger at the longitudinal edges of the slots. Thus the equivalent two reversed-phase electric fields under the TM 50 mode can be well counteracted VOLUME 7, 2019 as depicted in Fig. 3(b) . It can be regarded as three in-phase TM 10 modes.
(a). As illustrated in
As a consequence, the side lobes of TM 50 mode can be effectively suppressed. The electric field distraction of the slot is given in [24] . The total radiation fields (E θT ) in the upper half space can be written as
The radiation field from the slot can be expressed as
And the E θTM for the patch antenna based on TM 50 mode can be expressed as
What's more, the radiation field of TM 10 mode can be described as
According to the above expressions, it can be found that the radiation fields of patch and slot are out of phase. So the two reversed-phase currents of TM 50 mode in Fig. 1(b) can excite in-phase electric fields as radiating edges of the patch. And compared with the E θ 10 , the E θ TM mirrors the message that TM 50 mode has similar normal radiation with TM 10 mode. Fig. 4(a) depicts the effect of slot length on side lobes. The longer the length of slot is, the lower the side lobes are. Fig. 3(a) shows that the electric field distributions at the slots are similar to the radiating edges of the patch. However, the field intensity is weaken from the center to the sides along y direction, leading to wider beam width of H-plane, which is shown in Fig. 4(b) . In order to eliminate the influence of the slot structure, the damaged field distribution can be balanced by grooving at the edges of the patch which is described in Fig. 3(c) . As shown in Fig. 4(d) , the beam width of H-plane can be decreased by adjusting the length of edge slots.
As described in Fig. 3(e) , the feeding point is not right in the center of the patch while the slots are symmetrically distributed along the axis of the patch. Thus the current intensity distribution on both sides is not uniform, which creates asymmetrical E-plane patterns, as shown in Fig. 4(c) . However, the current distribution on the surface of patch can be well balanced by adjusting the position of right side slots, which is illustrated in Fig. 3(f) . As is shown in Fig. 4(e) , the position of right side slots plays important role on the E-plane pattern. By adjusting the value of S p2 , the same null/(zero) range appears on the right side of the main lobe as the left side, which will facilitate the following work. Meanwhile, Fig. 4(d) mirrors the message that adjusting the position of right slots will have no effect on H-plane.
B. FEEDING STRUCTURE AND PARAMETRIC STUDY OF ANTENNA ELEMENT
Although TM 50 mode has great advantages in expanding antenna size, the bandwidth of TM 50 mode under the traditional feeding method is only 1% because of its high quality factor. According to the feeding principle mentioned in [12] , an additional resonance is introduced to the patch to expand the bandwidth by compensating the inductance of the feeding metallic via with a capacitive ring slot on the ground plate. The geometry of the antenna element is shown in Fig. 5 .
The substrates for both upper and lower layers are Roger 5880 (permittivity: 2.2, loss tangent: 0.0009). The bounding material is Roger 4450 (permittivity: 3.48, loss tangent: 0.004). SICL with low loss is adopted as feeding structure in the model. The patch is connected with the SICL inner conductor through the metallic via and surrounded by substrate integrated waveguide (SIW) cavity running through three-layer substrates. An annular slot is etched into the middle ground to offset the inductance of the metallic via. Parameter analysis is made on the antenna performance by optimizing four main parameters. D p means the diameter of metallic via. As shown in Fig. 6 (a) , D p plays sensitive roles on the impedance matching condition only for lower band. With increase of D p , the first frequency arises with the second frequency unchanged. The radius of the plate, R d has an immediate impact on the higher band. As depicted in Fig. 6(b) , the larger the radius, the higher the first frequency and the lower the second frequency. Fig. 6(c) shows that longer L in contributes higher first frequency. It should be noted that the length of the inner conductor directly affects the position of the feeding point. As shown in Fig. 6(d) , the impedance matching of the first and second frequency is affected by the width of outer conductor. By increasing the value of W out , the impedance matching of the two frequency bands can be improved simultaneously.
The optimized parameters of the antenna are given in Table 1 . The simulated gain and | S 11 | of the proposed antenna element are given in Fig. 7 . The -10 dB impedance bandwidth is 8.2% (at 21.7GHz). The peak gain reaches up to 13dB and the gain is higher than 11 dB over the whole impedance bandwidth. The radiation patterns of 21.7GHz are shown in Fig. 8 . Beside of the reduced side lobes, there are two null/(zero) ranges on both sides of the main lobe, which provides favorable condition for suppressing grating lobes in array design. Furthermore, the cross-polarization levels of the element are lower than −25 dB in both E-plane and H-plane.
III. ELECTRICALLY LARGE ANTENNA ARRAY
The antenna element with ELP presented in the previous section has been further studied to realize array antenna in this section.
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A. ANALYSIS OF GRATING LOBES
According to the array theory, the pattern of antenna array is the multiplication of the elemental pattern and the array factor (AF)
where F(θ) and F 1 are radiation patterns of the array and the element. F a is the array factor. As for a 1×N liner array, the usually amplitude of the individual elements are assumed equal. Thus F a can be expressed as the following equation
where N is the number of elements, k is the free space wave number, d is the separation distance between individual elements, and ϕ is the phase of the individual elements. For array antennas with same phase, the value of ϕ is 0. In order to describe the relationship between the element spacing and the grating lobes clearly, an example of 1 × 5 array factor is given for analysis and shown in Fig. 9 . According to formula (3), when the element spacing is λ 0 /2, the value range of u is −π to π, and the visible area contains only one main lobe of array factor. However, when the element spacing is λ 0 , the value range of u is extended to −2π to 2π, and the visible area will contain three lobes with the same level. Consequently undesired grating lobes may be created in the array pattern. In order to avoid grating lobes appeared in array, the maximum element spacing of a linear array may be written as
When the maximum radiation direction is 90 • (θ M = 90 • ), d < λ 0 is the significant condition to avoid grating lobes. Additionally, as for equidistant liner arrays, if there is only one main lobe in the visible region, the ideal array pattern of low side lobes can be obtained by adjusting some variables such as the phase and amplitude of elements. Nevertheless, the amplitude of main lobe compared with grating lobes is scarcely affected by these factors, which does not prevent the grating lobes appearing in the array antenna pattern. One common way to design array antennas with large element space is non-uniform distribution of elements or subarrays. It depends on the various positions of each elements and special algorithms. However, it is a bit complicated to meet the requirements of number of elements and array structure.
Considering the design of ELP element above, the length of the square patch is 1.1λ 0 and the limitation of the SIW cavity and transmission lines need to be considered. Thus the element spacing of the array will be more than one wavelength, As a result, it becomes quite challenging to realize array with larger element spacing and reduced grating lobes under the equidistant arrangement. To be frank, it is one of the main objectives of this design.
Usually the most common method is changing the array factor to reduce grating lobes. However, another key point often ignored is the element pattern. Namely, if the grating lobes of the array factor are superimposed with the low level regions of the element pattern, grating lobes can also be effectively suppressed. From the element pattern of E-plane shown in Fig. 4(e) , there are two null/(zero) ranges appearing on either side of the main lobe, which provides possible to realize low grating lobes of equidistant array with large element spacing. The following parts will prove the above analysis. Examples of 1 × 2 and 1 × 4 liner arrays are given.
B. 1 × 2 LINER ARRAY
As is shown in Fig. 4(e) , the two null/(zero) ranges of the E-plane appear at ±45 • nearby. In order to tune the maximumof array factor grating lobes accurately at the null/(zero) ranges of element pattern, the first step is to adjust element space of the array. The relationship between element space and the angle point where grating lobes appears can be expressed as the following equation
where i = 0, 1, 2, 3,. . . .i = 0 express the main lobe and others are grating lobes. Take the first grating lobes (i=1) as an example, when the element spacing is 1.3λ 0 , 1.4λ 0 and 1.5λ 0, according to (5), the angle of appearing grating lobes is 40 • , 44.5 • , 48 • . Therefore, with the increase of element spacing, the grating lobes are closer to the main lobe (90 • ). As portrayed in Fig. 10 , when the element spacing is 1.4λ 0 , the grating lobes appear on the null/(zero) ranges of the element pattern. The final array pattern can be obtained by combing the element pattern and the array factor pattern together. As shown in Fig. 11 , other radiation patterns are also plotted and compared for different values of d, including 1.3λ 0 and 1.5λ 0 . Since the beam width of grating lobes is wider than the null/(zero) ranges, the null/(zero) ranges cancelled the corresponding grating lobe incompletely and the effect of suppressing grating lobes is not ideal.
C. 1 × 4 LINER ARRAY
In order to make the grating lobes can be covered as much as possible by the null/(zero) ranges, the second step is controlling the number of elements to adjust the half power beam width of grating lobes. The relationship between the number of elements and the half power beam width of grating lobes can be expressed as the following equation
BW HP = 90 Fig. 12 illustrates the half power beam width of grating lobes with the different number of elements in a liner array with same element spacing. Compared with 1 × 2 liner array, the half power beam width of grating lobes of 1 × 4 liner array will be better cancelled by the null/(zero) ranges of element pattern. As shown in Fig.13 , when the element spacing is 1.4λ 0 , the grating lobes of 1×4 liner array are lower than the 1 × 2 liner array. The level of grating lobes are less than −15dB. Nevertheless, the first side lobes in 1×4 liner array are relatively prominent, which can be resolved by unequal amplitude feeding.
IV. MEASUREMENT AND DISCUSSION OF ONE 1 × 8 LINER ARRAY A. ARRAY CONFIGURATION AND PERFORMANCES
In order to improve the gain of array antenna obviously and meet the practical application requirements of low side lobe, a 1 × 8 liner array with ELP was designed by using SICL transmission line structure and adopting unequal amplitude feeding structure which is shown in Fig. 14 . The current ratio of each antenna is I 1 :I 2 :I 3 :I 4 = 1 : 0.66 : 0.5 : 0.33 (from center to both ends) and the element spacing is 1.4λ 0 . In order to test the 1 × 8 antenna array, the GCPW-SICL transition is adopted for the coaxial connector. This antenna array is optimized and fabricated for verification. Fig. 15 shows the overall prototype of the designed antenna array and the ET-launch SMA probe-to-coaxial adaptor is adopted for measurement. The measured and simulated |S 11 | and gain of the fabricated 1 × 8 liner array are shown in Fig. 16 . It can be found that the measured results are consistent with simulated ones. The impedance bandwidth is 7.8% (20.8 to 22.5 GHz) and the peak gain reaches up to 19 dBi at 22GHz.
From the radiation patterns of 1 × 8 liner array antenna shown in Fig. 17 (a) and 17(b), it can be seen that at 21.5 GHz and 22.3GHz, the maximum grating lobe level of E-plane is −17dB and −22dB respectively and the cross-polarization level are lower than −20dB. The phenomenon that different frequency has different level of grating lobes is due to the difference of the element pattern as shown in Fig. 17(c) . At the same time, because the null/(zero) ranges on the both sides of the main lobe are not completely symmetrical, the left grating lobe is lower than the right one. Table 2 shows the performance comparisons between this work and other designs. Compared with the works [12] - [16] , the 1×8 array antenna with ELP displays the characteristic of high gain and at least 16 elements can reach the same effect in other designs. It is because the TM 50 antenna element with ELP has larger radiation aperture to achieve high gain and a slight amount of element can obtain the same effect for the arrays composed by traditional antenna elements. What's more, for the antenna array has a few elements, which can reduce the complexity and loss of the feeding network, and reduce the processing error caused by the complex structure.
B. COMPARISON
In addition, for some works to reduce grating lobes adopted in [18] - [21] , they depend on the location of each antenna element or subarray to achieve low grating lobe levels. Namely, these methods depend on special optimization algorithms such as genetic algorithms. Therefore, the element spacing or subarray spacing is a range that is not fixed to more than one wavelength. Due to the limitation of the elemental size with ELP, it is difficult to adopt optimizing the position of the antenna elements or subarrays to reduce grating lobes. However, under the premise of uniform arrangement of elements, we can dramatically suppress the grating lobes in this work. This method is not only effective but also unnecessary to be optimized by complex algorithms.
V. CONCLUSION
In this paper, an antenna element with ELP is proposed by using TM 50 mode. Then an effective method is proposed to suppress the grating lobes under the equidistant array by using the null/(zero) ranges of the element. This method overcomes the shortcomings of large number of elements and complex location of elements under non-uniform arrangement. It provides a new way to solve the problem of grating lobes for larger spacing antenna arrays in the future. 
